The factor VIII (FVIII) and factor IX (FIX) proteins are encoded by the F8 and F9 genes, respectively, and play key roles in the intrinsic pathway of the coagulation cascade. 1 FVIII is an essential cofactor for FIX. Upon tissue injury, FVIII potentiates activated FIX (FIXa) activity to form the intrinsic FXase (tenase) complex, which is responsible for the activation of factor X (FXa) generated by the coagulation cascade. FXa then combines with activated factor V (FVa) to form the FXa/FVa prothrombinase complex, which converts prothrombin to thrombin. Thrombin cleaves fibrinogen, to form fibrin monomers, and activates factor XIII (FXIIIa), which catalyses the formation of covalent bonds between fibrin monomers and a stabilized fibrin clot.
adequate clot formation, and severe deficiency may result in spontaneous bleeding into joints and muscles and severe/prolonged bleeding following traumatic injury. 1 Haemophilia A and B are heterogeneous disorders due to a host of different mutations that result in differing levels of factor activity and therefore disease severity.
Haemophilia severity is classified according to plasma factor activity levels, which in the majority of cases correlates well with clinical bleeding symptoms. 2 Patients with FVIII or FIX activity below 1% of normal (<0.01 IU/mL) are classified as having severe haemophilia, patients with 1%-5% (0.01-0.05 IU/mL) activity have moderate haemophilia, and those with 6%-39% (0.06-0.39 IU/mL) have mild haemophilia. 3 Patients with severe haemophilia A or B are primarily treated with replacement therapy comprising plasma-derived (pd-FVIII/FIX) or recombinant (rFVIII/FIX) concentrates, which are administered prophylactically to prevent and/or on-demand to treat bleeding episodes. 4 Either one-stage activated partial thromboplastin time (aPTT)based clotting or two-stage chromogenic factor activity assays can be used in the diagnosis of haemophilia A or B, to classify disease severity, for potency labelling of FVIII and FIX concentrates by manufacturers, to monitor post-infusion activity levels of FVIII and FIX during treatment and to test for FVIII and FIX antibodies (inhibitors).
In this review, we discuss the use of one-stage clotting and twostage chromogenic factor activity assays for the purposes outlined above, in addition to presenting the potential confounding factors that should be considered when choosing an assay for a specific patient, replacement product or clinical situation. Our aim was to increase awareness of the clinically relevant features and limitations of each assay and to foster informed communication between factor replacement product manufacturers, treating clinicians and clinical laboratory staff for the management of patients with haemophilia A or B.
| F VIII AND FIX AC TIVIT Y A SSAYS
Understanding the differences in methodology between one-stage clotting and two-stage chromogenic factor activity assays is critical to assess the accuracy and impact of these assays on the diagnosis, potency labelling and monitoring of patients with haemophilia A or B.
| One-stage aPTT-based factor activity assays
The one-stage factor activity assay is based on the aPTT. The aPTT method measures the functionality of the intrinsic (or contact activation) and common coagulation pathways (Figure 1 ; [5] [6] [7] . The time required for clot formation (the aPTT) is dependent on factor levels.
Normal aPTT values are dependent on the reagent used and are usually within the range of 22-40 seconds. 8 The sensitivity of the aPTT to detect factor deficiencies is dependent on the reagents used, which may vary between manufacturers and among lots from the same manufacturer. There is no international standardisation of aPTT reagents. The Clinical Laboratory Standards Institute recommends that an aPTT reagent exhibits a sensitivity of 30% factor level in plasma. 9 Sensitivity of the aPTT reflects the level to which a single factor activity within the intrinsic pathway must fall before the clotting time is above the upper limit.
This prolongation may indicate the presence of an anticoagulant (either an anticoagulant drug or a non-specific inhibitor such as a lupus anticoagulant), a deficiency of intrinsic or common coagulation pathway factors (FVIII, FIX, factor XI (FXI), factor XII (FXII) or high molecular weight kininogen [HMWK]) or the presence of a specific factor inhibitor to any of these factors. The aPTT has variable sensitivities to the common pathway factors (factor II, FV, FX and fibrinogen). 10 Mixing tests can be performed to screen for the cause of prolongation. The immediate aPTT of a 1:1 mixture of test (patient) plasma F I G U R E 1 Schematic of the activated partial thromboplastin time (aPTT) method. Contact activator (glass, silica, kaolin, celite, ellagic acid or sulfatides) and phospholipid (derived from soybean, rabbit or bovine brain, human placenta or of synthetic origin) are added to the test plasma and incubated at 37°C to allow the activation of the contact system. Calcium is then added to initiate the activation of the intrinsic and common pathways and, ultimately, fibrin clot formation. The aPTT is quantified as the time (seconds) taken for the clot to form from the time point at which calcium is added and is dependent on all of the intrinsic pathway factors, including factor (F) VIII, present in the test plasma (with the exception of FII). A burst of thrombin formation occurs after sufficient levels of activated FVIII (FVIIIa) have been generated through feedback activation by thrombin, leading to the formation of a clot. 5 The one-stage factor activity assay can be used to measure intrinsic pathway FVIII, FIX or FXI activity, 11, 12 in addition to FXII, HMWK and PK activities. The factor being investigated is the only limiting factor in this type of assay; all reagents, except the type of deficient plasma used, and the methodology remain constant. This is accomplished by mixing the test plasma with a specific factor-deficient plasma (ie containing normal levels of all clotting factors, but deficient in the factor under investigation). This assay is based on the assumption that the deficient factor in the test plasma is the ratelimiting determinant of clotting time. Serial dilutions of standard reference plasma (ie containing known concentrations of FVIII, FIX or FXI) are made using a buffer, and then, aPTT assays are performed ( Figure 2 ). The aPTT for each dilution (which correspond to a given factor concentration) is evaluated on the appropriate graphs (eg loglinear or log-log), and a line of best fit is drawn to form the calibration curve. 13 All standards (calibrators) should be traceable against an international standard (IS), known as a primary standard. 11, 13 Laboratorymanufactured standards are usually traceable to a secondary standard that has been calibrated against the primary standard. It is recommended that factor activity assays are calibrated at a minimum of once every 6 months, although calibrations are required for new lots of reagents (both deficient plasma and APTT reagents), and some laboratories calibrate more often. 5 The most common commercial factor-deficient plasmas used in the performance of factor activity assays are immunodepleted for FVIII, FIX or FXI. The clinical impact of these method characteristics is that there are a number of sources of variation that can adversely affect accuracy, which is generally lower than screening methods such as aPTT in inter-centre comparisons. 14 To determine the factor activity of test plasma, aPTT assays are generally performed on serial dilutions of test plasma in diluent (eg F I G U R E 2 Schematic of the one-stage activated partial thromboplastin time (aPTT)-based factor activity assay. Standard reference plasma is serially diluted in buffer and mixed with an equal volume of factor-deficient plasma, which is completely lacking in the factor to be measured, but contains normal (ie >50%) levels of all other clotting factors. An aPTT assay is then performed to determine the clotting time for each dilution. The clotting time data for each dilution are plotted against the calibration curve, and the difference between the lines of best fit is proportional to the reduction or increase in factor level in the test plasma. For example, as shown on the graph, if the reference plasma contains 100% (1 IU/mL) factor (F) VIII or FIX, a dilution of 1/100 is equivalent to a concentration of 1% (0.01 IU/mL), which produces an aPTT of 50 s. The test plasma that produces a clotting time of 50 s in the example shown here is equivalent to 10% (0.1 IU/mL) of the reference plasma, and therefore, the test plasma contains 10% (0.1 IU/mL) factor activity buffer, saline) mixed with equivalent volumes of factor-deficient plasma ( Figure 2 ). The aPTT results are plotted on the same log-linear graphic representation as the calibration curve, and a line of best fit is drawn. The difference between these two best-fit lines is proportional to the reduction or increase in functional factor level within the test plasma, but this difference can also be non-specific for the relevant factor. Patient results for each dilution on the calibration curve are compared with evaluate for parallelism. Non-parallelism, in which factor activity increases or decreases disproportionally with subsequent dilutions, is an indication of a specific neutralising inhibitor or sample activation, respectively. 12
| Chromogenic factor activity assays
The two-stage chromogenic factor activity assay (referred to as the "chromogenic assay") can measure the activity of FVIII or FIX in plasma. 5, 12, 15, 16 During the first stage, the test plasma is mixed with the appropriate reagents and substrates (FX, phospholipids, calcium chloride, prothrombin or thrombin [in some assays]), resulting in the rapid activation of FX (to FXa) ( Figure 3A ). The amount of FXa produced is proportional to the level of functional factor under investigation.
During the second stage, a chromogenic substrate specific for FXa is added and FXa concentration is quantified by photometric monitoring of the cleaved coloured substrate ( Figure 3B ). The colour intensity is proportional to the level of FXa generated, which in turn is proportional to functional factor within the test plasma, and is determined by reading off a standard curve. In general, the recommended calibration frequency is the same as that for one-stage assays. Some local regulatory agencies may require additional calibration verification (verification of analytical measurement range [AMR]) or may accept an AMR check in lieu of calibration. Chromogenic assays do not require the addition of factor-deficient plasma (a significant variable), are typically performed in duplicate at one dilution and are less prone to interference by assay components and some pre-analytical variables since the sample is diluted more than in the one-stage assay.
| Application of factor activity assays
It is the current status among clinical diagnostic laboratories that the one-stage assay is the most commonly performed factor activity F I G U R E 3 Schematic of the chromogenic factor activity assay for factor (F) VIII or FIX. A, First stage of the chromogenic assay in which activated FX (FXa) is generated. B, Second stage of the chromogenic assay in which FXa cleaves a specific chromogenic substrate. The assay should be performed at three dilutions to assess for parallelism The current predominance of the one-stage assay over the chromogenic assay may be attributable to various factors. Because of the long-standing use of the one-stage assay, many laboratory scientists perceive chromogenic assays to be less rapid and more technically complex than one-stage assays and acknowledge that there is currently a lack of standardised test protocols for the application of chromogenic assays on coagulation analysers. 19 However, these issues may be resolved as more chromogenic FVIII assays and the current "Research Use Only" FIX chromogenic assays become approved by the US Food and Drug Administration (FDA) . Despite most laboratories having the appropriate instrumentation to perform chromogenic assays, some laboratory scientists and clinicians report a lack of familiarity and expertise with these assays. 17 Chromogenic assays are also perceived to be more expensive than one-stage assays. However, a recent computer-based model analysed the costs associated with FVIII and FIX one-stage and chromogenic assays, concluding that efficient use of reagents (ie by aliquoting and freezing prior to use) can render the cost of the two assays comparable for both single and batch samples. 20 Additional cost savings are possible because the chromogenic assay is typically performed at one rather than three dilutions and does not require factor-deficient plasma. 20 Limitations of the chromogenic assay pertain to its availability and ease of setting up for emergency analyses during off-shift hours.
However, the need to perform the chromogenic assay 24/7 for analysis of unique treatment products makes the cost differential between the two assay types less of an issue.
The British Committee for Standards in Haematology, the World
Federation of Haemophilia and the Nordic Haemophilia Council
have recommended the use of both one-stage and chromogenic assays for screening and diagnosis of non-severe haemophilia A. 13, 21, 22 For replacement factor potency labelling recommendations, a dichotomy exists between regulatory organisations: the European Pharmacopoeia recommends the chromogenic activity assay for FVIII and the one-stage assay for FIX, 23 whereas the FDA recommends the one-stage assay for both FVIII and FIX. 19 Chromogenic assays are imperative for the accurate diagnosis of non-severe haemophilia A and are important for treatment monitoring in patients receiving modified factor replacement products, in addition to being more resilient to the potential and prevalent confounding effects of lupus anticoagulants and direct thrombin inhibitor oral anticoagulants. 24 These additional points will be discussed in more detail below. There are a number of other factors, however, that may make the use of chromogenic assays preferable to onestage assays in particular circumstances. 22 A wide range of aPTT reagent-instrument combinations is used by different laboratories. 17, 25 Given the large range of aPTT reagents, assay conditions, instruments, calibration standards and factor-deficient plasmas for the one-stage assay, the potential for substantial inter-laboratory variability is perhaps unsurprising. [17] [18] [19] 26 The limited number of available assay kits and reagents for the chromogenic assay in itself reduces this potential variability. Assay and reagent choices are often confined by the available instrumentation within the laboratory, the level of expertise of the laboratory director and technical staff and the laboratory size, but also the clinical requirements from the mix of patient samples received.
| A SSAY D ISCREPAN CIE S IN HAEMOPHILIA A AND B
While only the one-stage assay is generally used for haemophilia screening or diagnosis, in some situations both assays should be used.
Studies in Spain, Denmark, France, the United Kingdom, Germany and the Czech Republic reported discrepancies between one-stage and chromogenic assays in 10%-51% of patients with non-severe haemophilia A and their families. 24, [27] [28] [29] [30] [31] A discrepancy in FVIII activity was defined either as a one-stage: chromogenic assay ratio of ≤0.6 [28] [29] [30] or as a >1.5-fold difference between assays. 24, 27, 31 Normal one-stage FVIII activities were reported in approximately 16% of patients with discrepant, non-severe haemophilia A, indicating that one-stage assays are not always reliable for detecting this subgroup of patients. In some patients with discrepant haemophilia, disease classification may shift depending on the assay used to measure factor activity levels 27, 29 (see also Clinical scenario 1). In addition, the genotype of a patient may not always correlate with the degree of assay discrepancy or clinical phenotype, 24 particularly in older patients with mild haemophilia A, in whom FVIII activity levels may increase or even normalise.
In patients with discrepant non-severe haemophilia A, the nature of the F8 mutation can dictate whether the one-stage or chromogenic assay produces the higher result. Evidence of normal FVIII antigen levels in patients with certain mutations suggests that a dysfunctional protein is produced. 18 Most F8 mutations that have been reported to have lower activity using chromogenic activity assays compared with one-stage assays are localised to the A1-A2-A3 domain interface and are associated with destabilization of the FVIIIa heterotrimer. 27, 28, [31] [32] [33] [34] The prolonged incubation during the first stage of the chromogenic assay (10-12 minutes vs <2 minutes for the one-stage assay 34 ) may allow the destabilized heterotrimer time to dissociate, resulting in a decrease in FVIIIa generated, 18, 27, 28, 34 whereas in the one-stage assay, FVIIIa is present only transiently. 33 In situations in which the results of the one-stage assay activity are lower than the chromogenic assay, the mutations are associated with thrombin cleavage sites, von Willebrand factor (VWF) binding sites or FIXa binding sites. The prolonged incubation in the chromogenic assay, as well as the supraphysiological factor concentrations present in chromogenic reagents, may overcome the defective binding and lead to higher measured activity in the chromogenic assay vs the one-stage assay. Other test conditions, such as variable thrombin concentrations, phospholipids and plasma dilution factor, may also contribute to the discrepancy between the two assays. 18, 34 For this type of variability, the bleeding phenotype typically correlates with the lower (ie more severe) activity level measured. 27, 35, 36 The one-stage assay may also be associated with limitations in the detection of reduced FIX levels in patients with mild haemophilia B, even when the most sensitive assay reagent is used. 37 Currently, there are insufficient data to suggest that only the chromogenic FIX activity assay should be performed in the evaluation of mild haemophilia B. If only the one-stage assay is used, the diagnosis of a subset of mild haemophilia A and B patients may therefore be missed or the severity of the disease misclassified. 24 In patients with non-severe haemophilia A, both one-stage and chromogenic assays should be performed.
| US E OF ONE-S TAG E AND CHROMOG ENI C A SSAYS IN THE A SS E SS MENT OF G ENE THER APY FOR HAEMOPHILIA A OR B
Transitioning from protein replacement therapy to gene replacement therapy has the potential to achieve sustainable levels of plasma factor activity that can serve to reduce or eliminate recurrent bleeding risk. Currently, ongoing clinical trial results have an outlook for a "curative" maintainable correction of the bleeding phenotype.
However, despite significant advances in gene therapy, questions remain regarding its use in specific patient subgroups (eg factor inhibitor patients, paediatric patients and patients with underlying diseases). 38, 39 The use of the one-stage and/or chromogenic assay for the assessment of gene therapeutic products, concomitant replacement therapy or inhibitor assessment has not been totally explored and awaits further studies.
| US E OF ONE-S TAG E AND CHROMOG ENI C A SSAYS IN P OTEN C Y A SS I G NMENT OF F VIII AND FIX CON CENTR ATE S
FVIII and FIX factor replacement products are assigned a potency to quantify the amount of active product and guide clinicians on treatment dosing. 40, 41 The assay used for potency labelling should therefore represent the true in vivo pharmacodynamic profile of a given factor replacement product. To ensure accurate activity measures of post-infusion factor replacement products, it is important that the assay methods used to analyse samples in the clinical laboratory align with those used to label potency of the product. 42 In the presence of discrepancies between measurements, there is the risk that patients may be under-or over-dosed. The risk associated with under-dosing is the increased potential for new or continued bleeding complications, whereas over-dosing leads to increased product usage (and hence cost) and increased risk for adverse events of thrombosis. labelling. 41 If both methods provide valid potency estimates, either assay can be used for potency labelling, and if there are discrepancies between assays, the most appropriate assay for labelling must be identified. These decisions may be based on the in vitro or in vivo characteristics of the factor replacement product in relation to the assay methods.
Manufacturers conduct PK studies in order to establish the relationship between dose (based on the labelled potency) and expected FVIII/FIX recovery in patients, and however, this relationship may be assay-dependent and/or aPTT reagent-dependent. 41 Ideally, the same assay type that was used to assign potency should be used to measure levels in patient's plasma. 44 Information regarding assay specifics that allow accurate measurement of product activity may be specified in the manufacturer reference materials. Laboratories and clinicians can also attempt to determine the best method for assessing the product in the patient's plasma by reviewing the available literature.
The European Pharmacopoeia recommends the use of the chromogenic assay for FVIII potency assignments. Likewise, the majority of manufacturers in attendance at a workshop organised by the European Medicines Agency (EMA) and the European Directorate for the Quality of Medicines and HealthCare (London, November 2013) reported the use of chromogenic assays for the potency labelling of rFVIII products, due to both the European Pharmacopoeia recommendations and the variability observed for some products using one-stage assays. 40 The chromogenic activity assay has been shown to be robust for the potency labelling of new rFVIII products across assay kits, 40 however, the European Pharmacopoeia recommendations do not provide specific guidance for new modified rFVIII products (eg polyethylene glycol (PEG) ylated or fusion proteins). 23 The FDA recommends the one-stage assay for FVIII potency assignment. 19 Consequently, in the United States, the majority of FVIII products are currently labelled using the one-stage assay. 19 This coincides with the majority of laboratories using the one-stage assay to monitor the treatment of patients with haemophilia. 19 Both the European Pharmacopoeia and the FDA currently recommend the one-stage assay for FIX potency labelling. 23, 40 In addition, the European Pharmacopoeia, WHO and FDA FIX concentrate reference standards, used for potency assignments of FIX products, were established primarily using one-stage assays. 45 Potency values for rFVIII and rFIX products generated using the aPTT-based factor activity assay can differ depending on the aPTT reagent used. 40 Therefore, if the one-stage assay is used to label the potency of a specific rFVIII or rFIX product, the assay performed in the clinical laboratory for post-infusion monitoring should use an aPTT reagent or methodology that correlates with in vivo functionality. Although chromogenic assays for FIX concentrates have only been available for a relatively short period of time, the relevance of potencies determined using the chromogenic method should be considered. 41 At present, the chromogenic method is not validated for potency labelling of new FIX products, and therefore, manufacturers use the one-stage assay. 46 However, evidence is emerging to indicate that the chromogenic method may generate valid potency estimates for modified rFIX products compared with the one-stage assay. 47 
| USE OF ONE-STAGE AND CHROMOGENIC ACTIVITY ASSAYS IN MONITORING THE TREATMENT OF HAEMOPHILIA A AND B
Variability in factor activity levels measured using one-stage and chromogenic assays has been observed for post-infusion monitoring of both FVIII and FIX concentrates. In a National External Quality Assessment Scheme (NEQAS) study in the United Kingdom, samples from patients with moderate/severe haemophilia A who had received rFVIII products were assessed using one-stage and chromogenic assays. 47 Recovery using one- 40 Previously observed assay discrepancies were attributed to differences in B-domain linkers between products, with the possibility that results obtained using one-stage assays may have more accurately reflected the lower clinical efficacy of BDD rFVIII (vs pd FVIII or full-length rFVIII). 54 A significant discrepancy between the results obtained using one-stage and chromogenic assays was identified for samples containing a single chain rFVIII (truncated Bdomain and covalent linkage between heavy and light chain) product, CSL627 (CSL Behring). 40 The difference between the two assay formats was found to be consistent and predictable, and thus, the TA B L E 1 FIX activity in pre-infusion and post-infusion samples with a rFIX modified product using one-stage and chromogenic assays Note: Results obtained from a single patient at two different time points pre-infusion and post-infusion are shown. These two methods are used in the coagulation laboratory during routine clinical practice, and the difference generally seen on commercial control material or post-infusion samples is that results with the chromogenic method are ~20%-30% lower. Abbreviations: FIX, factor IX; h, hours; min, minutes; r, recombinant.
application of a conversion factor of 2 to the one-stage assay results was suggested. 55 40 For example, Table 1 shows the assay results obtained for pre-infusion and post-infusion samples with a modified rFIX product using a one-stage assay and a chromogenic assay. A significant discrepancy can be seen with the values obtained with each assay within the same laboratory and as compared with the results from an external laboratory.
The PEG moiety of long-acting PEGylated BDD rFVIII and rFIX products Jivi ® (Bayer HealthCare) and Refixia ® /Rebinyn ® has been reported to interact with silica-based aPTT assay reagents, causing activity results to be greatly under-or over-estimated, respectively. 51, 53 The use of ellagic acid and/or polyphenol reagents in the one-stage assay, instead of silica-based reagents, may correct this discrepancy, but other reagent components (phospholipid source, deficient plasma) may also play a role since reagents with the same activator give discrepant results. 51 A potential solution to the problem of assay discrepancies with certain factor replacement products could be the use of productspecific reference standards. For example, the ReFacto AF ® (BDD rFVIII) laboratory standard was shown to effectively reduce the discrepancy between one-stage and chromogenic assays, allowing an accurate assessment of FVIII activity levels in plasma samples from ReFacto AF ® -treated patients. 56 Although product-specific reference standards may facilitate accurate treatment monitoring of modified factor replacement products, the decision to use these standards may bring significant challenges. 19, 40 For example, in order to ensure that the correct product-specific standard is used, it would be essential for the clinician to communicate to the clinical laboratory team the specific factor replacement product used by each patient. Even if this information is effectively communicated to the clinical laboratory, the extra time and effort required to validate assays with multiple product-specific standards may only be feasible for a small number of specialised laboratories. In addition, the source of the standard should be considered in this scenario, since it would cause the assay to be labelled as a laboratory-developed test, unless the product standard has been approved by the FDA for use with the particular aPTT reagent, which is unlikely.
Another potential option for addressing systematic assay discrepancies with modified rFVIII and rFIX products is to adhere to manufacturer-recommended postassay correction factors for the clinical interpretation of results. 19, 40 However, this approach can be difficult to implement and is fraught with significant potential for error. Although reducing the burden on laboratory staff by removing the need for different assay reagents/standards to be used with different factor replacement products, laboratories would require detailed information on the specific reagents and instrument combinations for which the correction factor is valid. In addition, no data exist to confirm that the correction factor applied would be appropriate for different lots of each aPTT reagent used in the one-stage assay. The introduction of such correction factors would necessarily represent approximations based on a relatively small number of tests and might introduce a large margin of error into single analysis results. In addition, as with the use of product-specific reference standards, the physician would be required in each individual case to inform the clinical laboratory about the specific factor replacement product used. In this context, it is important to consider the risk of potentially serious adverse events attributable to misunderstanding and/or miscommunication.
In order to avoid incorrect measurements of post-infusion plasma samples for modified rFVIII and rFIX products, manufacturers could also provide information on the most suitable tests (ie reagent-instrument combinations) for treatment monitoring of specific products, and information on certified external laboratories to which patient samples can be sent for testing using the appropriate reagents for the replacement product used. 40 The use of external reference laboratories may be restricted by regulatory requirements in place in certain regions (eg the United States).
In the United States, the Medical and Scientific Advisory Council (MASAC) of the National Haemophilia Foundation recommends the use of FVIII and FIX chromogenic assays for treatment monitoring, once these assays have been approved by the FDA. 57 The MASAC also recommends that clinical laboratories that routinely perform factor activity assays participate in regular proficiency testing and 
| Effect of a FVIII-mimicking humanised antibody product on factor activity assay results
A novel replacement product approved for severe haemophilia A patients is a humanised monoclonal antibody that mimics the FVIII cofactor activity. 58 as the aPTT and one-stage FVIII assays. 58 Including recombinant anti-idiotype anti-emicizumab monoclonal antibodies in one-stage assays has been shown to prevent interference by emicizumab, resulting in accurate measurements of both FVIII activity and inhibitor titers. 59 One study did demonstrate a relationship between one-stage FVIII and emicizumab levels; however, this required method modification which may not be readily implemented in laboratories and this relationship requires further verification. 60 Current guidance states that the level of emicizumab must be measured with a chromogenic two-stage assay using human components as emicizumab does not recognise non-human FIXa or FX. 58 The determination of the presence and the level of FVIII inhibitors can only be performed using a chromogenic two-stage assay using bovine components. The clinician and coagulation laboratories must understand the laboratory's limitations of having to use and keep valid multiple chromogenic FVIII assays when assessing patients on emicizumab.
| Haemostatic monitoring during intensive treatment (eg major surgery) or specific physical activities
The emergency treatment of acute bleeding episodes and perioperative treatment for patients with haemophilia requires accurate real-time measurements of FVIII or FIX plasma levels in order to ensure patient safety. 40 During such emergencies, there is the possibility that patients may receive a different factor replacement product than that which they would usually receive.
Therefore, it is important to ensure that the selected assay can effectively measure the plasma levels of both products. On the whole, given the replacement products known to date and with the exception of Idelvion ® , the chromogenic assays seem to be the most suitable means to accurately assess all extended half-life products. It is therefore of paramount importance that the laboratory is informed of the specific factor placement product(s) used by a patient undergoing surgery or in an emergency situation, to ensure that the clinical laboratory uses the most appropriate assay(s) or forwards the sample to a laboratory in which the assay is available.
In addition, there is the potential for bleeding complications during surgery if the use of a specific assay results in a missed haemophilia diagnosis or an incorrect estimation of bleeding risk, as the appropriate haemostatic treatment may not be readily available during the course of the surgical procedure. 18 Conversely, patients with no perceived bleeding risk may face unnecessary delays to surgery or unwarranted treatment in the case of a haemophilia misdiagnosis on the basis on assay results. 18
| EFFEC T OF OTHER FAC TOR S ON A SSAY RE SULTS

| Effect of lupus anticoagulant on one-stage assay results
It is important to be aware of the potential confounding effect that lupus anticoagulant may have on the assay employed. In aPTT-based assays, a lupus anticoagulant can falsely suggest the presence of a FVIII and/or FIX deficiency or inhibitor. 15, 61 In the presence of a lupus anticoagulant, chromogenic assays typically provide a more accurate measure of FVIII or FIX activity. 15, 61, 62 The potential mechanisms for decreased interference by a lupus anticoagulant in the chromogenic assay include high dilution, lower dependence on phospholipids or the bypass of contact activation and prothrombinase complex within this assay. 15, 61 It is also possible for a lupus anticoagulant to coexist with a FVIII or FIX inhibitor or to mimic a FVIII or FIX inhibitor. If the presence of a lupus anticoagulant is known or suspected, the clinical laboratory should consider measuring factor activity using the chromogenic assay, even if the activity is assessed as part of the inhibitor assay.
| Effect of direct oral anticoagulants on assay results
One-stage intrinsic factor activity assays are more likely to be affected by direct thrombin inhibitor anticoagulants than chromogenic assays. 63, 64 Chromogenic FVIII and FIX activity assays are falsely reduced in the presence of direct FXa inhibitor anticoagulants, and these drugs may interfere with one-stage assay activities. 65 Rivaroxaban and other direct FXa inhibitor anticoagulants at concentrations >50 ng/mL may interfere with the one-stage FVIII and FIX assays, and concentrations >150 ng/mL are known to interfere with the chromogenic assay, causing results to be factitiously reduced, although the magnitude of interference differs considerably between patients. 64 Plasma dilutions before analysis may partially correct the rivaroxaban effect within one-stage and chromogenic assays.
| US E OF A SSAYS TO DE TEC T INHIB ITOR S
The cumulative incidence of inhibitors (alloantibodies) to FVIII and FIX replacement products is estimated to be 25%-32% in haemophilia A and 4%-5% in haemophilia B. 66 These inhibitors can develop against the "replacement" FVIII/FIX products, which are recognised as foreign or "non-self". 67,68 FVIII/FIX inhibitors may cross-react with the patient's own FVIII/FIX, converting a mild haemophilia phenotype into a severe phenotype and potentially resulting in excessive bleeding. 67, 68 Alternatively, the inhibitor may cross-react with FVIII/FIX replacement products, reducing the effectiveness of the replacement therapy. If an unexpected lack of response to factor replacement therapy is observed or if a patient with mild haemophilia uncharacteristically presents with excessive bleeding, the presence of an inhibitor must be considered. 67, 68 In patients with acquired haemophilia A, an autoimmune disorder, FVIII inhibitors (autoantibodies) are either idiopathic (approximately half of patients) or develop in association with various other medical conditions or disorders, including pregnancy, rheumatoid arthritis and systemic lupus erythematosus, and can result in serious bleeding in patients with no personal or familial bleeding history. 67, 68 The screening assay for an inhibitor is based on a mixing test using "normal" and test plasma in an aPTT reaction. If the normal plasma in a 50:50 mix fails to correct the prolonged aPTT, a factor inhibitor may be present that inhibits the FVIII or FIX in the normal plasma. Classic or Nijmegen-modified Bethesda assays are typically used to quantify the inhibitor titre. 69 Bethesda assays measure the ability of test plasma (potentially containing the factor inhibitor) to neutralise the FVIII/FIX within a normal plasma sample, through serial dilutions and analysis via one-stage or chromogenic assays. 18, 67, 68 The Nijmegen-modified Bethesda assay includes buffer and added protein in the reaction relative to the classic version to avoid the potential for false-positive low-titre inhibitor results.
Both the one-stage and chromogenic assays can be used to measure factor levels in the Bethesda assay, as well as in the Nijmegen-modified assay. 18, 70 Although correlation is good between inhibitor results from these two assays, non-specific inhibition may be detected with the one-stage assay. 18 A study of 702 patients with haemophilia A compared different methods of detecting FVIII inhibitors. 71 The one-stage and chromogenic methods had similar sensitivity, but the one-stage assay produced some false-positive, low-titre results. 71 Furthermore, the chromogenic method had a greater sensitivity to detect inhibitors than the one-stage method in the Bethesda assay. 71 
| CON CLUS ION
Evaluation of the strengths and limitations of one-stage and chromogenic assays strongly supports the use of both factor assays for the initial diagnosis of non-severe haemophilia A and determination of disease severity. The assay used may also play a significant role in monitoring patients following rFVIII or rFIX infusion. Recovery in the one-stage assay for modified recombinant products may vary significantly depending on the aPTT reagent used. Chromogenic assays are used less frequently, but may avoid some of the limitations associated with one-stage assays. Effective communication links should exist between product manufacturers, clinicians and clinical laboratory staff to ensure that the most suitable factor assay is performed for a particular clinical situation, the assay results are correctly interpreted and, ultimately, that each patient receives the optimal treatment regimen.
ACK N OWLED G EM ENTS
The authors thank Frank Driessler for scientific accuracy review of the initial outline and final manuscript. Editorial support in the form of development of the draft outline and manuscript first draft in consultation with the authors, editorial suggestions to draft versions of this paper, assembling tables and figures, collating author comments, copyediting, fact-checking, referencing and graphic services was provided by Physicians World Europe GmbH (Mannheim, DE) with financial support from Novo Nordisk A/S (Bagsvaerd, DK).
CO N FLI C T O F I NTE R E S T
RM serves as an advisor to Bayer, Genentech and Novo Nordisk. KS has received speaker fees from Octapharma, Radiometer and Shire.
MS has received grants and honoraria from Bayer, Bioverativ, Novo Nordisk, and Shire; an honorarium from CSL Behring; grants and honoraria from, and has served as an advisor to, Chugai Pharmaceutical.
DA serves as an advisor to Novo Nordisk and Shire.
AUTH O R CO NTR I B UTI O N S
All authors contributed to the writing and review of this manuscript and approved the final version.
